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Gene deliveryunts of metal ions in nonviral vector formulations can signiﬁcantly affect the
stability of lipid/DNA complexes (lipoplexes) during acute freeze-drying. The goal of the present study was to
evaluate the generation of reactive oxygen species (ROS) in dried formulations of lipoplexes and in their
individual components (lipid or naked DNA). The experiments were conducted in the presence or absence of
a transition metal (Fe2+). Lipoplexes and their individual components were formulated in trehalose and
subjected to lyophilization and stored for a period of up to 2 months at +60 °C. Physico-chemical
characteristics and biological activity were evaluated at different time intervals. Generation of ROS during
storage was determined by adding a ﬂuorescence probe to the formulations prior to freeze-drying. We also
monitored the formation of thiobarbituric reactive substances (TBARS). Our results show that ROS and TBARS
form during storage in the dried state. Our ﬁndings also suggest that degradation is more rapid in the
presence of lipid, even in the absence of metal. We also showed that dried naked DNA formulations are more
stable without the lipid component. Effective strategies are then needed to minimize the formation and
accumulation of oxidative damage of lipoplexes during storage.
© 2008 Published by Elsevier B.V.1. Introduction
Lipid-based formulations continue to be pursued for use as
nonviral gene delivery systems for human gene therapy. To realize
their potential, essential issues related to their pharmaceutical
stability need to be addressed before these vectors become a
therapeutic reality. Lyophilization has been used as an effective
method to dehydrate lipid/DNA complexes (lipoplexes) in the pre-
sence of sugars [1–4]. There has been considerable effort toward
improving the physical, biological, and chemical stability of dried
lipid-based preparations [1,4–7], and our recent work has identiﬁed
the potential adverse effects promoted by trace metal contaminants
that are present even in the cleanest sources of commercially
available materials (e.g., sugars, DNA) [6,8]. More speciﬁcally, we
have shown that the presence of trace amounts of metal ions in
nonviral vector formulations can signiﬁcantly affect the stability of
lipid/DNA complexes during acute freeze-drying. Formation of
reactive oxygen species (ROS) together with loss of DNA integrity
and biological activity was observed in lipid/DNA complex formula-University of Colorado Health
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lsevier B.V.tions containing metal contaminants during acute lyophilization [8].
Yet, the extent to which this metal-induced degradation mechanism
occurs in lyophilized nonviral vector formulations during storage
remains unclear.
It has been reported that both DNA and lipids can undergo free
radical oxidation-induced chemical degradation [9–13]. Notably, DNA
structure and functionality may be damaged directly by co-oxidation
with lipids [14,15]. It should also be noted that very small quantities of
transition metals (e.g., Fe+2) are sufﬁcient to mediate generation of
ROS, which in turn may attack these molecules promoting their de-
gradation by lipid peroxidation or strand breakage [8,9,16]. It follows
that trace levels of metal contaminantsmay facilitate lipid and/or DNA
degradation, thereby limiting the storage stability of lyophilized
vector formulations.
In the present study we evaluated the generation of reactive
oxygen species in lyophilized formulations of cationic lipid/DNA
complexes during storage. We also assessed aldehyde formation
(e.g., from lipid peroxidation) by monitoring the formation of
thiobarbituric reactive substances (TBARS) [17,18] during acute
lyophilization and storage. Our results show that both ROS and
TBARS are generated in lyophilized cakes during storage. Impor-
tantly, although fortiﬁcation with metal augments vector degrada-
tion in the dried cake, our ﬁndings suggest that the lipid component
contributes substantially to the observed degradation regardless of
metal content.
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2.1. Chemicals
Trehalose was a gift from Ferro-Pfanstiehl Laboratories (Waukegan,
IL). DOTAP and DOPE were obtained in a 1:1 weight ratio from Avanti
Polar Lipids (Alabaster, AL). The DNA plasmid encoding the reporter
luciferase (5.9 kb) was a generous gift from Valentis (Burlingame, CA).
DNA was dissolved in sterile 2.5 mM Tris–HCl pH 8.5 and diluted to a
concentration of 1 mg/mL prior to use. The luciferase assay kit was
obtained from Promega (Madison, WI). Ethidium bromide solution
(10 mg/mL), thiobarbituric acid, 2,6-di-tert-butyl-4-methylphenol
(BHT) and 1,1,3,3-tetraethoxy propane were purchased from Sigma (St.
Louis, MO). Proxyl ﬂuorescamine, 5-(2-carboxyphenyl)-5-hydroxy-1-
[(2,2,5, 5-tetramethyl-1-oxypyrrolidin-3-yl) methyl]-3-phenyl-2-pyrro-
lin-4-one potassium salt, was obtained from Molecular Probes Inc.
(Eugene, OR). Anhydrous ferrous chloride and dimethylformamide
(b50 ppm water) were obtained from Acros Organics (Fairlawn, NJ).
Trichloroacetic acid was purchased from LabChem, Inc. (Pittsburgh, PA).
All chemicals were of analytical grade and used without further
puriﬁcation.
2.2. Preparation of liposomes
Liposomes containing DOTAP and the zwitterionic lipid DOPEwere
prepared at a 1:1 (w/w) ratio as previously described [7]. Brieﬂy, the
lipid mixture in chloroform was dried under a stream of nitrogen gas
and placed under vacuum (10 mTorr) for 1 h to remove residual
chloroform. The dried lipid was resuspended in sterile distilled water
to a concentration of 2 mg/mL, sonicated to clarity with a Branson
Soniﬁer 250, and stored at 4 °C. The liposomes were freshly sonicated
immediately before use.
2.3. DNA, lipid, lipoplex and sugar sample preparation
Individual samples of DNA and lipid were prepared with 160 μg
DNA or 480 μg DOTAP–DOPE in 2.5mMTris–HCl (pH 8.5), respectively.
The complexes were prepared at a 3:1 lipid:DNA weight ratio (480 μg
DOTAP–DOPE and 160 μg DNA in 2.5 mM Tris–HCl pH 8.5) in
polypropylene microcentrifuge tubes by gentle mixing, and incubated
for 20 min at room temperature as previously described [19]. This
method of sample preparation results in a heterogeneous suspension
of particles with a calculated +/− charge ratio of 0.7 [7]. Depending on
the experiment, freshly prepared metal ion solution (1×106 ppb:
FeCl2) was added to two-milliliter aliquots of the resulting suspension
of lipid/DNA complexes to achieve a ﬁnal metal concentration of
400 ppb. Proxyl ﬂuorescaminewas introduced into these formulations
at a ﬁnal concentration of 0.45 μM, accordingly. The resulting
suspensions were then diluted with an equal volume of an 8%
excipient solution (trehalose) in Tris buffer as previously described [5].
Samples containing 4% trehalose alone in 2.5 mM Tris–HCl (pH 8.5)
were also prepared. Aliquots of 400 μL containing 16 μg of DNA and/or
48 μg of DOTAP–DOPEwere transferred to clear 1-mL and amber 2-mL
ﬂat-bottomed borosilicate lyophilization vials (for samples with and
without proxyl ﬂuorescamine dye, respectively) (West Co., Litiz, PA).
The stoppers were obtained from West Co. (Litiz, PA), washed with
distilled water, and dried overnight in an oven (≈60 °C) prior to use.
2.4. Freeze-drying protocol
Sample vials were placed on the shelf of an FTS Durastop
lyophilizer (Stone Ridge, NY). The lyophilization cycle used was
performed as follows: shelves were cooled to −40 °C, and held for 2 h
(sample temperature≈−37 °C), the chamber pressure was then
reduced to 60 mTorr, primary drying at −40 °C for 30 h, secondary
drying at 25 °C for 6 h. After secondary drying, samples vials werepurged with argon gas (760 Torr). An oxygen scrubber (Agilent
Technologies, Santa Barbara, CA) was installed in-line to the argon
cylinder to remove low levels of oxygen contamination from the gas
stream. After gas backﬁlling, vials were stoppered and sealed with
aluminum seals.
2.5. Differential scanning calorimetry (DSC)
At time zero and after 8 weeks of storage at 60 °C, thermal analysis
of dried samples containing trehalose was performed using a Perkin-
Elmer Diamond DSC (Norwalk, CT). Dried powder (3 to 7 mg) was
removed from the lyophilization vials and sealed in aluminum pans in
a glove box purged with dry nitrogen to preventmoisture uptake from
the ambient atmosphere. All measurements were made using
hermetically sealed aluminum pans (Perkin-Elmer, Norwalk, CT) and
an empty pan as a reference. Samples containing trehalose were
heated (from0 to 120 °C) at 10 °C/min, held for ﬁvemin, then cooled to
0 °C and reheated again to 150 °C to measure the glass transition
temperature (Tg) in the second scan. Unless otherwise indicated, we
refer to the Tg as the onset temperature, and the midpoint of the
second-order change in heat capacity with temperature is also
reported.
2.6. Determination of water content
Residual moisture in dried preparations was monitored using a
Mettler DL37 coulometric moisture analyzer (Hightstown, NJ) with
pyridine free vessel solutions (Photovolt Instruments, Inc., St. Louis
Park, MN). Samples were prepared in a dry-nitrogen-purged glove box
to avoid possible hydration resulting from exposure to room air.
Lyophilized samples were dissolved in anhydrous dimethylformamide
and sonicated prior to analysis. Aliquots were withdrawn with a
syringe through the rubber stopper and moisture analysis was
performed as previously described [20]. At time 0 and after 8 weeks
of storage at 60 °C, triplicate samples were used to determine residual
moisture content.
2.7. Rehydration protocol
Lyophilized samples containing the appropriate levels of plasmid,
cationic agent, and excipient (trehalose) were rehydrated to a ﬁnal
volume of 400 μL with ﬁltered distilled water and incubated for
30 min at room temperature. Appropriate volumes of rehydrated
samples were used for transfection (7.5 µL), size and ethidium
bromide accessibility (100 µL), and analysis of DNA structure (50 µL,
as described below).
2.8. Dynamic light scattering
Rehydrated samples containing 4 μg of plasmid, an appropriate
amount of cationic agent, and excipient (trehalose) were transferred
into a cuvette for dynamic light scattering analysis on a Nicomp 380
Particle Sizer (Particle Sizing Systems, Santa Barbara, CA). Channel
width is set automatically based on the ﬂuctuation rate of scattered
light intensity. 1×106 counts are accumulated at 25 °C from triplicate
samples for each formulation. The datawere volume-weighted, and in
the analysis it is assumed that lipoplexes are solid particles [1]. Size
measurements are not affected by the presence of sugar at the levels
used in our samples.
2.9. Cell culture
African green monkey kidney cells (COS-7: ATCC No. CRL1651)
were obtained fromAmerican Type Culture Collection (Rockville, MD).
Cells were incubated at 37 °C in a humidiﬁed atmosphere containing
5% CO2. Cells were maintained in Dulbecco's modiﬁed Eagle's medium
Table 1
Glass transition temperatures (Tg) of lyophilized vector formulations in trehalose in the
presence and absence of Fe2+ before and after storage conditions
Before storageb After 2 months of Storage
(60°C)b
Formulationa Onset Midpoint Onset Midpoint
Naked DNA 94.9±1.8 96.9±3.2 87.8±0.7 90.1±0.5
Lipid alone 93.7±0.3 96.7±0.3 86.2±2.5 88.8±2.3
Lipid/DNA 92.9±0.1 94.7±0.2 87.6±0.9 89.3±1.4
Trehalose 90.7±1.0 93.2±0.9 95.7±4.4 97.9±5.1
+ Fe2+ (400 ppb)
Naked DNA 91.2±0.4 93.9±1.1 87.4±0.5 89.9±0.4
Lipid alone 93.1±0.1 96.0±0.0 86.6±2.8 89.7±1.6
Lipid/DNA 92.8±0.2 95.0±0.3 87.4±0.1 90.0±1.0
Trehalose 91.5±0.1 93.7±0.2 92.0±0.4 93.6±0.1
a1000 excipient/DNA or excipient/lipid ratios (w/w).
bValues represent themean±1 SD of calorimetric scans on triplicate samples of a second
heating scan.
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penicillin G, and 50 μg/mL streptomycin sulfate, and were propagated
by reseeding at 1–3×105 cells/100 mm dish every 2–3 days. In our
experiments, cultures were freshly seeded at 2500 cells/well in 96-
well plate 24 h before transfection.
2.10. Transfection assay
Aliquots of rehydrated DNA (2 μg) or lipid (6 μg) samples were
gently mixed with fresh DOTAP:DOPE (6 μg) or fresh DNA (2 μg),
respectively, in 2.5 mM Tris–HCl pH 8.5. The mixture was incubated
for 20 min at room temperature before transfection. Freshly prepared
and lyophilized lipid/DNA complexes containing 0.3 μg DNA in the
presence or absence of the metal ion Fe2+ were diluted to a ﬁnal
volume of 100 μL with serum-free, antibiotic-free DMEM and
distributed into wells of a 96-well plate containing COS-7 cells freshly
washedwith phosphate buffered saline (PBS). Cells were subsequently
incubated with lipoplexes for 4 h before the medium was replaced
with 100 μL of DMEM containing serum and antibiotics, and allowed
to grow for approximately 40 h before the cell culture medium was
discarded. Cells were washed and then lysed with 80 μL of lysis buffer
(Promega, Madison, WI), as previously described [21]. Twenty
microliters of lysate were used to assay luciferase expression
according to the manufacturer's protocol (Promega). Luciferase
activity was quantiﬁed by using a TD-20e Los Alamos Diagnostics
535 Luminometer (Mountain View, CA). Protein concentrations were
determined by the Bradford method using a Bio-Rad protein assay
(Hercules, CA), according to the directions provided by the manu-
facturer. Absorbances were measured at 550 nm with a THERMOmax
microplate reader (Molecular Devices, Sunnyvale, CA).Table 2
Moisture content of lyophilized vector formulations in trehalose in the presence and
absence of Fe2+ before and after storage conditions
Formulationa Before storageb After 2 months of storage at 60°Cb
Naked DNA 0.47±0.04 0.56±0.09
Lipid alone 0.37±0.02 0.75±0.05
Lipid/DNA 0.42±0.03 0.59±0.02
Trehalose 0.39±0.03 0.41±0.04
+ Fe2+ (400 ppb)
Naked DNA 0.59±0.01 0.64±0.02
Lipid alone 0.57±0.03 0.81±0.09
Lipid/DNA 0.45±0.03 0.67±0.08
Trehalose 0.38±0.04 0.44±0.07
Water levels expressed as weight percent.
a1000 excipient/DNA or excipient/lipid ratios (w/w).
bValues represent the mean±1 SD of single moisture content measurements on
triplicate samples.2.11. Extraction of DNA from nonviral vectors
Separation of DNA from cationic lipids was performed as
previously described [8]. Brieﬂy, rehydrated or freshly prepared
samples containing 2 μg of DNA were mixed with a sodium dodecyl
sulfate (SDS) solution to a ﬁnal SDS concentration of 25 mM. The
resulting solutions were incubated for 15 min at 75 °C and allowed to
cool to room temperature. Aliquots containing 400 ng of DNA were
used to quantify DNA supercoil content.
2.12. Quantiﬁcation of supercoil content
Loss of supercoil content was assessed by agarose gel electrophor-
esis. Samples were run in a 0.9% agarose gel. After the run was
terminated, the gel was ﬁrst soaked for 30 min in a solution of EtBr
(0.1 μg/mL), and then in distilled water for 5 min before gel analysis.
Quantiﬁcation of bands was assessed by ﬂuorometric image analysis
using a Fluor-S MultiImager and Quantity One software (Bio-Rad;
Hercules, CA). Fluorescence intensity for supercoiled DNA bands was
corrected bymultiplying bya factor of 1.4, as previously described [22].Fig. 1. Generation of reactive oxygen species (ROS) in lyophilized vector formulations
containing trehalose stored at 60 °C in the (A) absence or (B) presence of 400 ppb of Fe2+
assessed by using a ﬂuorogenic spin trap probe, proxyl ﬂuorescamine, that was added to
the formulations prior to freeze-drying as described in Materials and methods section.
(⁎) Signiﬁcantly different sample from initial (+/− Fe2+), for DNA, lipid alone, lipoplex
and sugar: T2 to T8 with pb0.05. The values represent the mean±1 S.D. of triplicate
determinations. T2 to T8 correspond to time-point in weeks.
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Complexation of DNA by cationic liposomes was evaluated by
using ﬂuorescence measurements based on the accessibility of EtBr to
the DNA double-helix [7]. Brieﬂy, suspensions of lipoplexes containing
2.5 μg of plasmid DNAwere added to test tubes in triplicate, with 5 μL
of EtBr (0.1 mg/mL) to a ﬁnal volume of 0.5 mL. The resulting
ﬂuorescencewas read in a Hitachi F-2000 spectroﬂuorometer (Hitachi
Instruments, Inc., San Jose, CA), at an excitationwavelength of 260 nm
and emission wavelength of 595 nm. Controls containing no lipid or
no DNAwere included. The ﬂuorescence of each sample was corrected
for the EtBr background in the absence of DNA. EtBr accessibility was
reported as the sample ﬂuorescence relative to the control containing
4 μg of DNA in the absence of cationic agent.Table 3
Statistical analysis for ROS and TBARS formation during storage
DNA Lipid Lipoplex Sugar
ROS
T0
DNA – b0.001(Fe) b0.01(Fe) NS (Fe)
Lipid b0.001 – b0.001 (Fe) b0.001(Fe)
Lipoplex b0.001 b0.01 – b0.001(Fe)
Sugar NS b0.001 b0.001 –
T2
DNA – b0.001(Fe) b0.001(Fe) NS (Fe)
Lipid b0.001 – NS (Fe) b0.001(Fe)
Lipoplex b0.001 b0.001 – b0.001(Fe)
Sugar NS b0.001 b0.001 –
T4
DNA – b0.001(Fe) b0.001(Fe) NS (Fe)
Lipid b0.001 – NS (Fe) b0.001(Fe)
Lipoplex b0.001 b0.001 – b0.001(Fe)
Sugar NS b0.001 b0.001 –
T8
DNA – b0.001(Fe) b0.001(Fe) NS (Fe)
Lipid b0.001 – NS (Fe) b0.001(Fe)
Lipoplex b0.001 b0.001 – b0.001(Fe)
Sugar b0.01 b0.001 b0.001 –
TBARS
T0
DNA – NS (Fe) NS (Fe) NS (Fe)
Lipid NS – NS (Fe) NS (Fe)
Lipoplex b0.05 NS – –
Sugar NS NS b0.05 –
T2
DNA – NS (Fe) NS (Fe) NS (Fe)
Lipid NS – NS (Fe) NS (Fe)
Lipoplex NS NS – b0.05(Fe)
Sugar NS NS NS –
T4
DNA – b0.05 (Fe) b0.05 (Fe) b0.05 (Fe)
Lipid NS – NS (Fe) NS (Fe)
Lipoplex NS NS – NS (Fe)
Sugar NS NS NS –
T8
DNA – b0.05 (Fe) b0.01 (Fe) b0.01 (Fe)
Lipid b0.05 – NS (Fe) NS (Fe)
Lipoplex b0.05 NS – NS (Fe)
Sugar NS NS b0.05 –
Values indicate signiﬁcant (p values) or no signiﬁcant (NS) differences between
formulations during storage. Analysis by one-way ANOVA (see Materials and methods
section).
Fig. 2. Effect of storage on the in vitro transfection efﬁciency of lyophilized vector
formulations in the absence or presence of 400 ppb Fe2+. The results are expressed as
mean values±1 S.D. of measurements on triplicate samples.2.14. Measurement of ROS in lyophilized samples
Dried samples (DNA, lipid, sugar alone or lipid/DNA complexes)
and fresh lipid/DNA complexes were assayed using the ﬂuorogenic
spin trap proxyl ﬂuorescamine, as described previously [8]. Brieﬂy,
dried samples containing proxyl ﬂuorescamine (16 μg of plasmid and
0.45 μM ﬁnal dye concentration) were rehydrated with distilled water
to assess the levels of ROS after rehydration. Vials were incubated for
30 min and then 200 μL of suspensions were transferred onto a 96-
well ﬂuorescent plate. Fluorescence was then measured on a
SpectraMAX Gemini EM ﬂuorescence microplate reader at an
excitation wavelength of 385 nm and an emission wavelength of
485 nm. The background ﬂuorescence in fresh control samples lacking
metal always remained constant, and thus, it was subtracted from
each sample.
2.15. Thiobarbituric acid-reactive substances (TBARS) assay
The extent of peroxidation in dried lipoplexes, DNA, lipid, or sugar
alone samples was determined bymeasuring the amount of TBARS, as
previously described [17,23]. Brieﬂy, lyophilized samples were
rehydrated with 150 μL of distilled water and incubated for 30 min.
A volume of rehydrated sample (150 μL) was added to a tubeFig. 3. DNA integrity of lyophilized vector formulations stored in trehalose at 60 °C in
the absence or presence of 400 ppb Fe2+. Percent of initial supercoil content remaining
in dried samples. The results are expressed as mean values±1 S.D. of measurements on
triplicate samples.
Fig. 5. Particle size of lyophilized DOTAP:DOPE/DNA complexes in trehalose stored at
60 °C in the presence or absence of 400 ppb Fe2+. The results are expressed as mean
values±1 S.D. of measurements on triplicate samples.
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(antioxidant). Subsequently, 0.5 mL of 0.67% TBA solution were added
to each tube, heated at 85 °C for 20 min, cooled, and then centrifuged.
Samples (200 μL) were transferred into a 96-well plate, and
ﬂuorescence was read against the blank in a SpectraMAX Gemini
EM ﬂuorescence microplate reader (EX: 532 nm, EM: 590 nm).
2.16. Statistical analysis
Formation of ROS and TBARS in lyophilized formulations was
compared to that of their initial preparations. Statistically signiﬁcant
differences between means were determined by using one-way
analysis of variance (ANOVA) performed with Prism (Graphpad
Prism Software, San Diego, CA) in conjunction with Tukey Post Test.
Multiple comparisons were applied to the differences within and
between the formulations at the corresponding time-point of storage.
A probability of pb0.05 was set as signiﬁcant level.
3. Results
The physical state of each lyophilized formulationwasﬁrst assessed
in order to characterize the amorphous material. Before storage, the
Tgs of the lipid/DNA complexes, lipid, and naked DNA formulated in
trehalose were 93, 94 and 95 °C, respectively. Sugar controls showed aFig. 4. Formation of thiobarbituric acid-reactive substances (TBARS) in lyophilized
vector formulations containing trehalose stored at 60 °C in the (A) absence of metal or
(B) presence of 400 ppb of Fe2+. (⁎) Signiﬁcantly different sample from initial (+/− Fe2+):
for DNA, lipid alone and lipoplex: T2 to T8 with pb0.05; sugar: T4 to T8 with pb0.05.
The results are expressed asmean values±1 S.D. of measurements on triplicate samples.
T2 to T8 correspond to time-point in weeks.Tg of 91 °C. Tgs of metal-containing samples are also shown in Table 1.
After storage, Tgs decreased in the majority of the formulations, except
in sugar (alone) formulations (Table 1). We also found that samples
contained low residual moisture levels (b0.5%, w/w) after lyophiliza-
tion, and the metal-fortiﬁed samples (e.g., lipid and naked DNA)
showed slightly higher moisture levels than those in absence of Fe2+
(Table 2). Therewas a slight increase inmoisture content in all samples
(+/− metal) during storage at 60 °C, but all values were below 0.8%
(Table 2).
To determine if oxygen radicals were generated in our lyophilized
cakes during storage, we measured the levels of ROS in samples
containing the ﬂuorescent probe proxyl ﬂuorescamine, which was
added prior to the lyophilization process as previously described [8].
We clearly observed a progressive and signiﬁcant increase in ROS
levels in naked DNA (pb0.001) and lipid-containing samples
(pb0.001) when compared to initial levels (Fig. 1). After 2 weeks of
storage at 60 °C, increases in ROS levels were ﬁve-fold (pb0.001) and
three-fold higher (pb0.001) in dried lipid and lipoplex samples,
respectively, than in dried naked DNA. These increases in ROS
formation were more pronounced after 8 weeks of storage, with
approximately eleven-fold (pb0.001) and seven-fold higher
(pb0.001) in dried lipid and lipoplex than naked DNA at the same
time period, respectively. Interestingly, ROS formation also occurred in
sugar formulations (no lipid or DNA) during storage, but unlike resultsFig. 6. Ethidium bromide accessibility of lyophilized DOTAP:DOPE/DNA complexes in
trehalose stored at 60 °C in the presence or absence of 400 ppb Fe2+. The results are
expressed as mean values±1 S.D. of measurements on triplicate samples.
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samples (i.e., trehalose in Tris–HCl buffer) remained low and constant
during storage (Fig. 1A). To further investigate the role of metal-
induced ROS generation during storage, we examined the effect of the
addition of 400 ppb Fe2+; a level that has been observed in phar-
maceutical formulations and been shown to enhance ROS formation
during the lyophilization process [8]. Our results demonstrate that
when formulations were fortiﬁed with metal, formation of ROS was
enhanced in all samples studied. However, increases in ROS levels
weremore pronouncedwhen lipidwas present in the formulation. For
example, from 2 to 8 weeks for lipid (alone) formulations, p values
were b0.05, and for lipoplex formulations p values were b0.01; Fig. 1B.
Signiﬁcant differences in the formation of ROS were also observed
between formulations (Table 3).
We next examined biological activity of dried lipoplexes as well as
formulations containing each individual component. To this end,
samples with the individual components were ﬁrst rehydrated and
then complexed with either fresh DNA or lipid prior to in vitro
transfection. Our data show that biological activity of lyophilized lipid
and lipoplex samples rapidly declines with time, even in samples
containing no metal. In contrast, when transfection assays were con-
ducted with complexes made from dried DNA samples, we observed
that biological activity was maintained during storage. Also, biological
activity of dried DNA samples was less affected by the presence of
ferrous ion than samples containing lipid (Fig. 2). We also measured
supercoil content to assess DNA integrity during storage. Consistent
with the effects on biological activity, reduction in supercoil content
over 8 weeks of storage was much greater in formulations containing
lipid as compared to samples containing DNA alone. Furthermore, our
results clearly show the damaging effect of Fe2+ on the DNA integrity
during storage, in both lipoplex and formulations containing DNA only
(Fig. 3).
To further characterize degradation during storage, the levels of
aldehydes (e.g., from lipid peroxidation) in lyophilized naked DNA,
lipid, and lipoplex formulations were assessed by the thiobarbituric
acid-reactive substances (TBARS) assay [17,23]. Interestingly, our
results showed that storage of dried formulations at high temperature
resulted in increasing formation of TBARS regardless of the presence
of lipids (Fig. 4A). For instance, after 8 weeks of storage signiﬁcant
increases in the formation of TBARS were observed in all formulations
with pb0.001 for DNA, pb0.05 for lipid alone, pb0.01 for lipoplex,
and pb0.05 for sugar. Furthermore, the extent of oxidative damage
(i.e., TBARS formation) in samples containing lipoplexes or individual
components increased with the presence of iron, where lipid-
containing formulations showed signiﬁcantly higher levels after only
2 weeks of storage (pb0.05). Trehalose formulations fortiﬁed with
iron also showed signiﬁcant increases in TBARS after 4 weeks of
storage (pb0.05; Fig. 4B). When the levels of TBARS were compared
between formulations, we observed signiﬁcant differences between
naked DNAwith lipid-based formulations and trehalose formulations,
but not between lipid and lipoplex formulations in the absence of iron
(Table 3).
Lastly, our experiments with dynamic light scattering showed that
lipoplexes stored at 60 °C were highly aggregated after rehydration.
The increase in particle size was more pronounced in lipid/DNA
complexes fortiﬁed with Fe2+ (Fig. 5). Consistent with the increase in
particle size, changes in ethidium bromide accessibility were observed
at 60 °C while formulations fortiﬁed with Fe2+ exhibited more severe
physicochemical changes (i.e., structural perturbations as indicated by
dye accessibility) during storage (Fig. 6).
4. Discussion
Prolonged stability of lipid/DNA complexes as dried formulations is
crucial for their development as viable pharmaceutical products.
Studies from our laboratory and others have shown that degradationof lipid/DNA complexes continues during storage even in the dried
state [4,6]. We have also previously shown that metal contaminant-
mediated formation of reactive oxygen species during the lyophiliza-
tion process promotes DNA strand breakage and consequently
decreases biological activity (i.e., loss in DNA supercoil content and
transfection efﬁciency) [8]. Considering that both the DNA and lipid
component of the nonviral vector are sensitive to free radical-
mediated oxidation [9,11,13,16], we investigated the susceptibility of
each of these vector components to degradation in the dried state.
Speciﬁcally, we have evaluated the extent of oxidative damage in
lyophilized lipid, DNA, and lipoplex preparations formulated in a
glassy trehalose matrix and stored at high temperature.
One of the main ﬁndings of the present study is that dried glassy
preparations that contain lipid (i.e., lipid alone and lipoplex formula-
tions) are more prone to degradation during storage than formula-
tions containing naked DNA only. Further, our results indicate that
chemical and biological degradation take place in spite of the high Tg
and low residual moisture of our preparations. These results are in line
with research showing that although glass formation is important for
storage stability, highly reactive species (e.g., ROS) may not be
signiﬁcantly restricted in a glassy formulation at the storage
temperature and timescale studied [6,24]. Our experiments clearly
indicate that ROS formation occurs in dried formulations during
storage, and that this is signiﬁcantly augmented in the presence of
lipids. This is consistent with the fact that free radicals formed via
different mechanisms (metal-catalyzed or hydroperoxide-mediated)
can induce peroxidation of membrane lipids [13,25]. In considering
the mechanism underlying our observations, it should be noted that
the water-soluble ﬂuorescent probe proxyl ﬂuorescamine used to
assess ROS generated during storage [26], reacts nonspeciﬁcally with
oxygen radicals, providing information on the relative levels of
reactive oxygen species that are generated in the samples [8].
Therefore, we suggest several sources of ROS that might account for
our observations. First, it is widely acknowledged that the lipid moiety
of the complex, speciﬁcally lipid unsaturation, may play a crucial role
in free radical-mediated oxidative damage [27]. While stability would
likely be enhanced if saturated lipids were employed, unsaturated
lipids are commonly used in gene delivery to facilitate membrane
fusion [28]. Thus we employed unsaturated lipids, DOTAP and DOPE,
which are susceptible to oxidation, and can generate radicals that
damage nucleic acids and further compromise gene delivery and
expression [29,30]. Indeed, our results show that in lipid-containing
preparations, enhanced ROS levels correlate with reduced DNA
integrity (supercoil content) and loss in biological activity. This is in
good agreement with other studies showing that metal-catalyzed
Fenton reactions may play a prominent role in lipid-mediated
transfection [31]. Second, it has been reported that, in addition to
lipophilic radicals (lipo-peroxyl radical), hydrophilic superoxide and
hydroxyl radicals are also formed during lipid peroxidation [32,33].
Third, external factors may also affect the chemical stability of lipids
during storage. For instance, commercially available, laboratory-grade
lipids are known to contain traces of lipid hydroperoxides [30,34,35].
Lipid hydroperoxides are the primary products of lipid peroxidation;
their pre-existence can strongly inﬂuence the generation of newly
formed hydroperoxides via a propagation reaction that can be
substantially enhanced by the presence of transition metals [36].
Also, sonication, a method routinely used to prepare liposomes, has
also been reported to generate free radicals as well as lipid
hydroperoxides [37]. It is important to note that the lipid (DOPE-
based) used in our studies is known to adopt an inverted hexagonal
phase that causes exposure of hydrophobic moieties [38] that may
increase its susceptibility to chemical instability at higher tempera-
tures of storage (i.e., 60 °C) [6].
Besides superoxide and hydroxyl radicals, lipid peroxidation is
known to produce end products such as aldehydes (malonaldehyde, 4-
hydroxynonenal) [39]. Unlike ROS, aldehydes are relatively long lived
2125M.d.C. Molina, T.J. Anchordoquy / Biochimica et Biophysica Acta 1778 (2008) 2119–2126and can diffuse from the site of their formation and damage the DNA
component of the vector, presumably by forming adducts with DNA
bases [39–41]. The thiobarbituric acid (TBA) reaction is routinely
employed to estimate aldehyde levels in both biological and food
systems [42–44]. Although TBA reacts with multiple biomolecular
breakdown products that have undergone free radical attack to form
TBA-reactive species (TBARS), it is a commonly used method to
measure the extent of lipid peroxidation due to its simplicity and
sensitivity [30]. In this study, we observed that TBARS are formed and
accumulated in the dried cake during storage. Interestingly, our results
show that even dried sugar formulations lacking both lipid and DNA
generated TBA-reactive products. We speculate that TBARS are
generated in dried sugars via the Fenton reaction, which can damage
a number of biomolecules, including carbohydrates [43]. Although
carbohydrates also possess hydroxyl radical scavenging activity with
reaction constants in the range of 108–109 M−1 s−1, end product
aldehydes have been detected in liquid formulations containing a
number of different sugars [45]. Our heterogeneous system consists of
a dried sugarmatrix and lipid/DNAparticles.While concerns regarding
the analytical speciﬁcity of the TBA assay to measure in vivo lipid
peroxidation have been raised due to the ability of TBA to react with a
wide variety of substances, including DNA and sugars [46], our study
only utilized the TBARS assay to measure in vitro damage to lipids and
nucleic acids. Therefore, we are exclusively focused on the sequence of
events in which lyophilized DNA and lipids are damaged during
storage. Generally, lipid-containing formulations exhibit greater ROS
levels and a progressive accumulation of TBARS, which correlate with
loss in transfection efﬁciency. Our previous work has shown that
“physicochemical changes that promote lipoplex aggregation upon
rehydration” occur during prolonged storage; consistent with the
notion that lipid, rather than DNA, limits lipoplex storage stability in
the dried state [6].While the current study demonstrates the potential
for lipids to accelerate lipoplex degradation, it follows that lyophilized
vectors lacking lipid (e.g., polymer/DNA complexes) may possess
longer shelf lives. This suggestion is consistentwith previous reports in
which size, supercoil content and transfection activity were main-
tained in lyophilizedmethacrylate/DNA complexes for 10months [47].
It is also important to note that our results show that oxidative
damage (ROS formation, loss of supercoil content, TBARS accumulation,
and loss in biological activity) occurs to a lesser extent in dried naked
DNApreparations than in thepresenceof lipid.Wealso pointout thatour
experiments employed Tris–HCl buffer which is regarded as an iron
chelator andeffective scavengerof hydroxyl radicals (k≈1.1×109M−1s−1)
[30,48]. Thus, the presence of Tris would be expected to decrease DNA
oxidation [49]. Our experiments with naked DNA dried without metal
fortiﬁcation indicate that ROS are produced even in the presence of Tris.
Although metals were not added, the presence of bound metals and/or
trace metal contaminants in the excipients cannot be excluded. In fact,
our previous work has shown that even the cleanest source of DNA
utilized for clinical trials possesses detectable quantities of iron [8]. If
preparations do contain, iron, a Fenton reaction-mediated mechanism
may ultimately lead to the generation of an oxidized DNA product.
Alternatively, the ferryl radical (FeO2+), a free radical formed by the
reaction of Fe2+ with peroxide (H2O2), can degrade DNA even under
anaerobic conditions [50].
The role of molecular oxygen in the propagation step of the
oxidative degradation process of biologicals is well understood
[30,51,52]. Not surprisingly, minimizing exposure to oxygen is
desirable for pharmaceutical formulations to lengthen product shelf
life. In this regard, it isworth noting that our studieswere performed in
dried samples purged with an inert gas (argon) prior to stoppering. In
addition, an oxygen scrubber was employed to remove low levels of
oxygen contamination from the argon gas in an effort to reduce
susceptibility to oxidation during storage; a common procedure in
manufacturing processes [53]. In spite of this, we still observed
oxidative degradation of vectors during storage, albeit under condi-tions of forced degradation (60 °C). Our data indicate that headspace
oxygen displacement alone is not sufﬁcient to completely suppress
oxidative degradation of lyophilized lipid/DNA complexes during
storage. Future studies will investigate the inclusion of lipid-soluble
antioxidants and metal ion chelators in formulations to more effec-
tively minimize oxidative damage in the dried solid during storage.
In conclusion, our studies demonstrate that reactive oxygen
species are generated during storage in the dried state. In addition,
our results show that lipid-containing formulations are highly
sensitive to ROS formation, contributing signiﬁcantly to the observed
oxidative damage of lyophilized lipoplexes during storage. This is
consistent with our ﬁndings that dried DNA formulations lacking lipid
are more stable during storage. We suggest that the close proximity of
DNA to the lipid component in lipoplex formulations facilitates the
interaction of DNA with oxidized lipids (e.g., peroxyl radicals) and
other by-products of lipid peroxidation, and thereby compromises
biological activity. Although saturated lipids could potentially be
employed to reduce lipid oxidation, lipid-based gene delivery systems
rely heavily on unsaturated lipids to facilitate conversion to a non-
bilayer phase that promotes transfection. Therefore, we believe that it
is more relevant to consider the consequences of having unsaturated
lipids present in nonviral vectors. It is also important to recognize that
thiobarbituric acid-reactive substances (e.g., aldehydes, peroxides)
were observed even in lyophilized sugar formulations lacking both
lipid and DNA. This surprising result suggests that effective strategies
are needed to minimize oxidative damage to lyophilized biopharma-
ceuticals (e.g., lipoplexes, proteins) during storage.
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